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In Brief
Jaw protrusion is a major innovation in
the evolution of vertebrates. In a study of
fossils spanning 100 million years,
Bellwood et al. reveal remarkable
increases in jaw protrusion in fishes.
These increases are likely to have
fundamentally changed the evolution of
fishes and the ecology of their prey.
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Jaw protrusion is one of the most important innova-
tions in vertebrate feeding over the last 400 million
years [1, 2]. Protrusion enables a fish to rapidly
decrease the distance between itself and its prey
[2, 3]. We assessed the evolution and functional
implications of jaw protrusion in teleost fish assem-
blages from shallow coastal seas since the Creta-
ceous. By examining extant teleost fishes, we
identified a robust morphological predictor of jaw
protrusion that enabled us to predict the extent of
jaw protrusion in fossil fishes. Our analyses revealed
increases in both average and maximum jaw protru-
sion over the last 100 million years, with a progres-
sive increase in the potential impact of fish predation
on elusive prey. Over this period, the increase in jaw
protrusion was initially driven by a taxonomic re-
structuring of fish assemblages, with an increase in
the proportion of spiny-rayed fishes (Acanthomor-
pha), followed by an increase in the extent of protru-
sion within this clade. By increasing the ability of
fishes to catch elusive prey [2, 4], jaw protrusion is
likely to have fundamentally changed the nature of
predator-prey interactions andmay have contributed
to the success of the spiny-rayed fishes, the domi-
nant fish clade in modern oceans [5].
RESULTS AND DISCUSSION
Predicting Jaw Protrusion in Fishes
Fishes have been important predators in aquatic systems for
more than 400 million years. Throughout this time, they have
been faced with a key problem: how to catch elusive prey.
Today, many fishes use jaw protrusion to reduce predator-
prey distances. Although jaw protrusion has arisen inde-
pendently in multiple lineages, including elasmobranchs and
several groups of actinopterygian fishes [2, 3, 6], premaxillary
protrusion is the most common mode of jaw protrusion in mod-
ern fishes [2] (Figure 1). The evolution of jaw protrusion in tele-
osts—the most abundant and diverse fish group—is a textbook
staple, but it remains unclear how this significant innovation has
changed in magnitude or frequency over time. Equally uncertain
are the implications of such changes for aquatic ecosystems.2696 Current Biology 25, 2696–2700, October 19, 2015 ª2015 ElseviThe first goal of the present study, therefore, was to find a sim-
ple morphological indicator of premaxillary protrusion in fishes.
We examined protrusion in 60 species from 37 families of extant
coastal marine fishes. Regression tree and ordination analyses
of nine morphological features potentially associated with jaw
protrusion both identified the external length of the ascending
process of the premaxilla as the best predictor of the extent
of observed jaw protrusion in extant fishes (Table S1; Figure S1).
Ascending process length and observed jaw protrusion ex-
hibited a strong linear relationship (y = [0.478x]  0.014; r2 =
0.74; Figure 1C).
The Rise of Protrusion in Marine Teleost Fishes
We found amarked change in potential protrusion in fish assem-
blages over time. We document changes in both the frequency
and extent of jaw protrusion in fishes using three ‘‘snapshots’’
from similar marine environments, from the first fossil evidence
of teleost protrusion at the beginning of the Late Cretaceous
to the modern day. Fishes from the Late Cretaceous were
estimated to have a mean protrusion of only 0.68% ± 0.14%
of the body length (standard length; mean ± SE), compared
to 2.03% ± 0.25% in the Eocene and 3.16% ± 0.42% in
Recent fishes (Figure 2). These values reflect a significant
difference in protrusion among intervals (permutational ANOVA
[PERMANOVA]: pseudo-F2,283 = 32.82, p[perm] = 0.001), with
pairwise tests revealing significant differences among all inter-
vals (K/Eo: t = 5.70, p[perm] = 0.001; K/R: t = 7.65, p[perm] =
0.001; Eo/R: t = 2.44, p[perm] = 0.01).
The trend seen in mean protrusion across the three inter-
vals was mirrored in maximum protrusion values, with a
maximum of 8.16% of body length in yCretazeus rinaldii
(Zeiformes) in the Late Cretaceous, 13.31% in yZorzinichthys
annae (yZorzinichthyidae) in the Eocene, and 21.36% in the
Recent Epibulus insidiator (Labridae) (Figure 3). The initial
driver of changing protrusion abilities was an increase in the
proportion of spiny-rayed (acanthomorph) fishes (from 38%
in the Late Cretaceous sample to 98% in the Eocene). This
change was subsequently boosted by a greater degree of pro-
trusion among Recent acanthomorph taxa (Figure 4). Non-
acanthomorph teleosts were consistently unable to protrude,
reflecting the abilities of all teleost fishes prior to the Early
Cretaceous (Figures 3 and 4).
From the first definitive evidence of teleost protrusion in the
Late Cretaceous (100million years ago) to modern marine eco-
systems, there has been a distinct increase in the frequency of
this feeding strategy. This increase reflects the ascendance ofer Ltd All rights reserved
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Figure 1. The Position of the Premaxilla and the Relationship with
Jaw Protrusion in Recent Fishes
(A and B) The position of the premaxilla in the jaws of Zeus faber with the jaws
closed (A) and jaws protruded (B). The premaxilla is the main tooth-bearing
bone in the upper jaw. The ascending process extends from the top of the jaws
toward the eye.
(C) The relationship between ascending process length and protrusion in
extant fishes (±95% confidence interval; each dot represents the mean value
of one species [n = 76] from 40 families).
Figure 2. Estimated Jaw Protrusion Abilities of Fishes over the Last
100 Million Years
Data are presented as average percent of standard length (mean ± SE). Letters
above bars indicate significant subgroups determined using a pairwise
PERMANOVA of predicted protrusion and ascending process length. See also
Figure S2.spiny-rayed (acanthomorph) fishes to their modern position of
prominence [5]. Today, the vast majority of modern fishes with
protrusible jaws are acanthomorphs.
This increase in protrusion represents a potential shift in
predator-prey dynamics that encompassed, but did not appear
to respond to, the Cretaceous-Paleogene (K/Pg) mass extinction
event. This lack of a response contrasts markedly with previous
studies that have emphasized the extent of changes at, or shortly
after, the K/Pg boundary. These changes include the loss of
once-dominant Mesozoic fish clades [7, 8], the appearance of
numerous new family-level lineages [5, 9], increasing disparity
[10], and the rise of new functional traits [11–14]. Our findings
point to a much earlier expansion in the functional abilities
of teleost fishes. Indeed, the Paleogene radiation of acantho-
morphs includes the first appearance of new lineages with
reduced or no capacity for jaw protrusion, like scombrids and
billfishes, which replaced extinct groups also characterized by
limited protrusion [7].
Jaw protrusion appears to represent a general acantho-
morph feature and thus may be traced to the Early Cretaceous
(140 million years ago) origin of the clade implied by molec-
ular analyses [5]. Unlike previous marine studies that have
largely focused on coral reef [11, 12, 15, 16] or pelagic fishes
[7, 10], a functional rearrangement arising from increasing pro-Current Biology 25, 2696–2trusion in teleosts probably applied to a wide range of marine
habitats. Today, fishes with protruding jaws are found in all
shallow benthic marine habitats. There also appears to have
been a similar expansion in protrusion in freshwater systems,
including an independent origin in the non-acanthomorph
cyprinids [1, 3, 17]. The increased protrusion reported herein,
therefore, appears to represent part of a global functional
rearrangement that has operated over the past 100 million
years.
The marked increase in the number of clades with protrusion
(Figure 4) is strongly supported by existing molecular phyloge-
netic evidence. When mapped on a recent phylogeny of fishes
[5], our observations suggest that there have been at least 8
and possibly 15 independent origins of significant protrusion
(i.e., >5% of body length; Table S2). These observations are all
in agreement with our fossil evidence: in the marine settings
examined, protrusion is restricted entirely to the spiny-rayed
fishes, with the vast majority being in widely separated lineages
that first appear in the fossil record after the K/Pg boundary. The
initial (Cretaceous to Eocene) increase in protrusion seen in Fig-
ure 2 therefore may be a result of repeated evolution, conver-
gence, and replacement rather than expansion of protrusion
within a restricted number of lineages.
The Ecological Implications of Protrusion
The ability to rapidly protrude the jaws, by up to 20% of the
length of the body, has transformed the ability of fishes to feed
on elusive prey [2–4, 18] and is likely to have fundamentally
changed the nature of predator-prey interactions in marine
ecosystems. Once protrusion arose, especially in fishes with
well-developed visual abilities, elusive prey would be far more
vulnerable to fish predation [2]. This is likely to have signifi-
cantly enhanced predation-avoidance mechanisms. Logically,
one would predict that prey would (1) increase infaunalization
(to hide within the substratum), (2) increase armor (to resist
dislodgement or capture), (3) develop faster escape mecha-
nisms (to avoid capture if detected), and/or (4) reduce visual
detection (by decreasing size or increasing nocturnality to700, October 19, 2015 ª2015 Elsevier Ltd All rights reserved 2697
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Figure 3. Differences in Estimated Maximum Jaw Protrusion
over Time
Data are presented as percent of standard length (SL) between non-acantho-
morph teleost fishes (A) (represented by yCtenodentelops striatus) and acan-
thomorph fishes from Late Cretaceous (B), Eocene (C), and Recent species
(D) (acanthomorph reconstructions based on the extant zeiform Zeus faber).
A
B
Figure 4. Estimated Protrusion Abilities of Non-acanthomorph and
Acanthomorph Teleost Fishes over the Last 100 Million Years
Data (mean ± SE) are separated into non-acanthomorph (A) and acantho-
morph (B) fishes. Letters above bars indicate significant subgroups deter-
mined using a pairwise PERMANOVA of predicted protrusion and ascending
process length. Percentages within bars represent the proportion of sampled
species in the assemblages assigned to the Acanthomorpha.emerge under the cover of darkness). Evidence of infaunalization
and increased armor have been suggested previously as re-
sponses to changes in the abilities of fish and invertebrate pred-
ators in the Paleozoic [19] and early Mesozoic [20]. However,
infaunalization and/or increased armor reduce mobility and
thus render prey less elusive. Faster escape mechanisms have2698 Current Biology 25, 2696–2700, October 19, 2015 ª2015 Elsevinot been documented, to our knowledge, but the evolution of
structures associated with predation avoidance [15] and the
diversification of coral-associated prey taxa [9] in the Neogene
may reflect increasing predation pressure.
The most effective response to increasing protrusion in
predators is likely to be for prey to reduce the chances of
visual detection. Size reduction has been previously suggested
as a predation-avoidance mechanism in copepods [21], and
there is evidence that reef-associated crabs decreased in
size in the Cretaceous [22]. Indeed, on modern coral reefs,
the mean size of crustaceans is only 0.8 mm [23]. Interestingly,
there have been significant evolutionary changes in fish
feeding ecology that may reflect the impact of increasing pro-
trusion. In the Eocene, there was an increase in high-precision
diurnal feeding characterized by fishes with small mouths and
large eyes [16], suggesting that fishes were indeed feeding on
progressively smaller prey. Likewise, an increase in the pro-
portion of potentially nocturnal fishes on coral reefs [16] may
reflect a move to exploit the larger nektonic crustaceans,
which emerge at night [24], presumably to avoid visual detec-
tion. As with size reduction in diurnal crustaceans, increased
protrusion may have pushed larger elusive crustaceans to
develop nocturnal habits.
These changes in diurnal precision and nocturnality sug-
gest that there may have been a progressive escalation iner Ltd All rights reserved
predation pressure: a trophic evolutionary arms race. In this
respect it is noteworthy that the appearance of jaw protrusion
is not associated with any rapid increase in diversification [5].
Indeed, some lineages of ray-finned fishes that have indepen-
dently evolved jaw protrusion are both species poor and
morphologically conservative (e.g., Acipenseriformes, Ateleo-
podiformes), indicating that protrusion in isolation is not a suf-
ficient ingredient for diversification [2, 5]. However, a burst of
new lineages may not be the only means by which innovations
can underpin subsequent evolutionary radiation. Protrusion
may be an example of a key innovation that, rather than pro-
ducing an explosive radiation, laid the foundations for a
more sustained influence marked by a prolonged and sequen-
tial expansion.
Overall, we observed an increase in jaw protrusion in fishes
from the Late Cretaceous to the present. A concomitant increase
in the ability of fishes to capture elusive prey is likely to have
markedly changed marine predator-prey dynamics. This change
may have led to a decrease in prey size and an increase in
nocturnal and high-precision diurnal feeding, and may have
underpinned the success of acanthomorph fishes. Today, these
spiny-rayed fishes represent about a third of all extant fish biodi-
versity [5]. Furthermore, one of their key characteristics, jaw pro-
trusion, represents one of the most important innovations in fish
feeding in the past 400 million years. Protrusion has steadily
increased to such an extent that it is a familiar characteristic of
Recent marine fishes, one that we almost take for granted.
Nevertheless, this characteristic has profoundly changed the
abilities of fish to capture elusive prey.EXPERIMENTAL PROCEDURES
To assess the best morphological predictors of protrusion, we conducted an
initial morphological analysis on 73 freshly thawed specimens from 60 species
in 37 families of extant marine fishes from coastal habitats (predominantly from
the Indo-Pacific; collections followed James Cook University ethics approval
A2181). In addition to measuring protrusion, we collected one angle and
nine distance measurements from each specimen (see Table S1). We selected
measurements that were likely to be functionally associated with premaxillary
protrusion (cf. [18, 25]). To standardize data, we converted length measure-
ments to percent of standard length and the anglemeasurement to the percent
of a circle (360). To evaluate allometric relationships, we plotted standardized
data against standard length and, where regressions were significant, calcu-
lated residuals [15]. To allow data transformations, we removed negative
values from the data by adding a constant (+0.1).
To identify potential morphological predictors of protrusion, we conducted
a principal coordinates analysis (PCoA) of square-root-transformed data (mor-
phologies and protrusion) using a Gower’s dissimilarity matrix (PERMANOVA+
for PRIMER [26]). The Gower’s matrix and PCoA were selected as they are
more robust than PCA to the different forms of data in the analysis. The results
were compared to those from a boosted regression tree. Both analyses re-
vealed that the best predictor of protrusion was the external length of the
ascending process of the premaxilla (hereafter ‘‘ascending process length’’;
Table S1; Figure S1). This trait measurement was then plotted against protru-
sion (as a percent of standard length) incorporating a further 16 species, from
which it was not possible to collect the complete morphological dataset. The
relationship between protrusion and ascending process length was then
calculated for the full 76 species from 40 families.
To estimate the potential protrusion in fossil fishes, we measured the
standard length and ascending process length from photographs, pub-
lished images, or scaled reconstructions of teleosts from two periods: the
Cretaceous (120 species), and Eocene (89 species). Cretaceous fossils
were predominantly from the Cenomanian deposits of Lebanon (Nam-Current Biology 25, 2696–2moura, Hakel, Hajoula, and Sahel Alma [27]), supplemented with specimens
from six other localities (all from the Late Cretaceous; Table S3). Eocene
fossils were from the Ypresian deposits of the Pesciara and Monte Postale
localities of Bolca, Italy [28]. All selected localities had diverse fish assem-
blages and were most likely to span a broad range of tropical/subtropical
coastal marine deposits, comparable to the sources of the extant species
used in this study.
We standardized the ascending process length of fossil fishes against stan-
dard length, as per the extant fishes. The equation from the plot of ascending
process length versus protrusion in Recent fishes was used to predict the
potential protrusion of the fossil fishes (Table S4). Changes in the extent of
protrusion between the periods were then assessed using a one-way permu-
tational ANOVA (PERMANOVA [26]). This was conducted using relative
values of predicted protrusion and ascending process length as variables
and was based on a Euclidean distance resemblance matrix of square-
root-transformed data. This analysis was selected because it accounts for
the difference in sample sizes among periods and the distance-based nature
of the data.SUPPLEMENTAL INFORMATION
Supplemental Information includes two figures, four tables, and Supplemental
Experimental Procedures, and can be found with this article online at http://dx.
doi.org/10.1016/j.cub.2015.08.058.
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